Abstract. This research studies the effect of an inconstant inertia weight (W) parameter on boundary element inverse analysis (BEIA) to detect the corrosion of reinforcing steel/rebar in concrete. The boundary element method (BEM) and particle swarm optimization (PSO) were used in developing the BEIA. Several measured electrical potential data from halfcell potential measurements were taken as a reference when performing the BEIA. Numerical simulation of reinforced concrete with single corrosion showed that the use of inconstant W with Wup = 0.5 and Wlow ≤ 0.5 did not affect the performance of the BEIA in corrosion detection. It was similar to the performance of the BEIA using a constant W in a previous study (0.25 ≤ W ≤ 0.5). However, the corrosion can still be detected with acceptable accuracy; that is, with an error of less than 5%. Hence, further research is needed to extend the study with Wup > 0.5 for an inconstant W.
Introduction
Corrosion is the degradation of metal due to interaction with its environment. Nowadays, it is the main cause of some structural failures, including those of reinforced concrete (RC) structures. Several media reports have described the failure of RC structures. Some of the structures that have collapsed due to corrosion are the Silver Bridge in America in 1967 [1], a toll road bridge in Canada in 2006 [2] , Atlantis Water Adventure Taman Impian Jaya Ancol in Indonesia in 2011 [3] , and the hallway inside the Indonesian Stock Exchange (BEI) building in 2018 [4] . Therefore, it is important to perform early detection of corrosion of rebar/reinforcing steel in concrete in order to avoid the premature failure of structures [5] .
One of the most popular methods of monitoring corrosion of reinforcing steel in concrete is the half-cell potential mapping technique. ASTM C876 is used for the application and interpretation of the results of the method. Many researchers have reported the implementation of this method in the field [5] [6] [7] . However, some limitations of the method remain: the accuracy depends on the number of data [8] , the method is laborious and timeconsuming [9] , and it only shows the probability that corrosion will occur [10] . Hence, it is necessary to improve the method to reduce its limitations.
One of the promising techniques to improve the performance of half-cell potential mapping is by implementing numerical analysis such as boundary element inverse analysis (BEIA). In the previous study, the boundary element method (BEM) and particle swarm optimization (PSO) were developed into BEIA [11] . BEIA uses measurement data such as the half-cell potential technique to detect rebar corrosion. It has shown promising capability to detect corrosion in a case study [12] . The influence of inertia weight (W) on the performance of the method in detecting corrosion has also been studied [11, 13] . However, these studies were limited to a constant W, while other studies recommended the use of inconstant W [14] . Therefore, it is important to perform further investigations.
The aim of this study is to investigate the effect of inconstant W (with Wup = 0.5 and W low ≤ 0.5) on the performance of BEIA in detecting rebar corrosion in concrete. For this purpose, a simple RC structure with single rebar and corrosion was utilized as a case study.
Development of BEIA
BEIA has been developed in previous studies [11] [12] [13] . The developed BEIA was based on the boundary element method (BEM) and particle swarm optimization (PSO). BEM was used to calculate the potential distribution in the whole domain, while PSO was used to optimize the objective function in order to detect the location of the corrosion. The subsequent sections present the development of BEIA.
Rebar corrosion model in concrete
Corrosion of reinforcing steel in concrete can be modelled as shown in Figure 1 . The concrete column only has single rebar and single corrosion. The corroding and non-corroding parts of the rebar are the anode and cathode, respectively. For the model, the electrical potential (ϕ) is governed by the Laplace equation for the RC domain (Ω). The Laplace equation is expressed by Equation (1) [11] [12] [13] . The current density (i) and electrical potential (ϕ) can be related by Equation (2) for the domain [15] . In Equation (2), κ is the domain conductivity, n is the outward normal unit, and ∂/∂n is the derivative in the normal direction. 
Equations (3) (4) (5) represent the boundary conditions for the model in Figure 1 . The boundary condition for the concrete surface (Γ 1 ) is given by Equation (3). In this study, the current density (i) was set equal to zero. This was because the concrete had low conductivity. The boundary conditions of the corroding and non-corroding parts of the rebar are represented by the polarization curves. The curves give the relationship between the electrical potentials (ϕ) and current density (i), as expressed by Equation (4) for the cathode (Γ 2 ) and Equation (5) for the anode (Γ 3 ) of the rebar [16] .
In order to solve the Laplace equation in Equation (1), BEM was used. A detailed procedure for formulating the BEM can be found in Reference [17] . By following the formulation procedure, the unknown values of ϕ and i on the surface of the domain can be determined.
Boundary element inverse analysis (BEIA)
The BEIA technique was developed by combining BEM and PSO. Kennedy and Eberhart first introduced PSO in 1995, inspired by the social behaviour of flocking birds and schooling fish in search for food [14] . The developed BEIA has shown promise in detecting rebar corrosion as elaborated in previous works [11, 12] . The algorithm of BEIA is shown in Figure  2 . The procedure of the technique can be found in Reference [11] . In the technique, the term "particle" is used to indicate the candidate solutions.
In detecting the rebar corrosion, the technique optimizes the cost function (ε) as given in Equation (6) [9, 11] . The cost function is evaluated for each particle of the iteration. In the equation, C is the location of rebar corrosion and N is the number of measured electrical potential data inputted into the BEIA. and � are the electrical potential calculated by using BEM and measured electrical potentials found by using the half-cell potential meter, respectively. � ��� is the highest value of electrical potential among N data.
In each iteration, the updated location and velocity of particles are based on the local and global best particles as given in Equations (7) and (8) . For these equations, X j+1 is the next particle location, X j is the current particle location, V j+1 is the next particle velocity, V j is the current particle velocity, W j is the inertia weight, a 1 and a 2 are constants, r 1 and r 2 are random numbers (0-1), pbest is the local best particle, gbest is the global best particle, and j denotes the iteration.
In this study, the inertia weight (W) was set to be inconstant. The values of W change during each iteration according to Equation (9) [14] . The value of W up used in the study was 0.5 and W low ≤ 0.5. These values are still in the range of the constant W recommended by the previous study [11] . 
Simulation setup
A simple column of RC was used to study the effect of the inconstant W on the performance of the BEIA. The column has a single reinforcing steel with one corroding part as shown in Figure 3 . The figure shows how the 3D model of the RC column (Figure 3a ) was simplified into a 2D model (Figure 3b ) for the simulation. In the figure, the length of the column and rebar were 70 cm, the cover depth was 10 cm, and the size of the corroded area was 2 cm. The corrosion location (CL) was still unknown for the column and would be detected by the BEIA.
Initialization: • Set constant ��� , � , � and � • Randomly initialize particle position (corrosion profile), � • Randomly initialize particle velocity, � • Set � • Set = Evaluate cost function ( ) for each particle: 
In order to run the BEIA, some measured electrical potential data that can be provided by half-cell potential measurements are needed. However, in this study, the measured electrical potentials were obtained from BEM simulation with the location of the corrosion set as z = 50 cm. The electrical potentials are shown in Figure 4 . Moreover, five candidate solutions , a 1 = a 2 = 0.5, and N = 15 for the simulation. For the boundary conditions of the anode and cathode, the polarization curves from Reference [16] were used and thus generated into Equations (9) and (10) [9] respectively. After all parameter and constants had been set, the BEIA was ready to be executed. 
Numerical simulation results and discussion
The BEIA simulation results for the values of W up and W low as given in Table 1 are shown in Figures 5, 6 , and 7. Figure 5 shows that the value of W was unchanged with increasing number of iterations or that W was constant. Five particles were randomly distributed in the search space along the z-axis in the first iteration. Then, all particles moved to a certain position in the search space on increasing the number of iterations. All solution candidates (particles) remained in the same place from the 14th to the 20th iteration. This indicated that the location of the corrosion had already been detected and the average error with respect to the actual location of the corrosion was 0.26%. Figure 6 shows that the value of W changed as the number of iterations increased or that W was inconstant with a gradient of -0.015. In the first iteration, five particles were also randomly distributed in the search space and moved to a certain position as the number of iterations increased. Then, all particles were located in the same place from the 11th to the 20th iteration. This result shows that the location of the corrosion was detected with an average error of 0.46% with respect to the actual location of the corrosion. The value of W was also inconstant with a gradient of -0.0245 as seen in Figure 7 . The five particles were also randomly distributed along the search space in the first iteration and displaced to a certain position when the number of iterations increased. Then, all particles were located in the same place from the 14th to the 20th iteration. This shows that the location of the corrosion was detected with an average error of 0.33% with respect to the actual location of the corrosion. The simulation was continued for other gradients of W and is summarized in Figure 8 . The figure shows that the error with respect to the actual location of corrosion was < 5% for all gradients of W. This indicated that the accuracy of the BEIA in detecting the location of the corrosion was acceptable. Hence, the inconstant W in the range recommended by the previous study [11] did not affect the performance of the BEIA when detecting corrosion. 
Conclusions
In this study, the effect of inconstant W on BEIA when detecting rebar corrosion in concrete was explored. BEIA was developed by combining BEM and PSO. The numerical simulation results show that the inconstant W with W up = 0.5 and W low ≤ 0.5 did not influence the performance of the BEIA in detecting rebar corrosion. The accuracy was similar to the performance of the BEIA when using a constant W in the previous study (0.25 ≤ W ≤ 0.5); that is, the error with respect to the actual location of corrosion was less than 5%. Therefore, it is important to conduct further research to study the effect of W up > 0.5 for inconstant W.
